A new ultraviolet-ultraviolet hole-burning (UV-UV HB) spectroscopic scheme has been developed for cold gas phase ions in a quadrupole-ion-trap (QIT) connected with a time-of-flight (TOF) mass spectrometer. In this method, a pump UV laser generates a population hole for the ions trapped in the cold QIT and a second UV laser (probe) monitors the population hole for the ions extracted to the field free region of the TOF mass spectrometer. Here, the neutral fragments generated by the UV dissociation of the ions with the second laser are detected. This UV-UV HB spectroscopy was applied to protonated dibenzylamine and to protonated uracil.
There has been a great progress in the spectroscopy and characterization of cold gas phase molecular ions and protonated species. The ions are generated by electrospray ionization (ESI), mass-selected and introduced to an ion-trap, such as 22-pole or quadrupole-ion-trap (QIT) , cooled to a few tens of K by a cryogenic cooler. Tunable ultraviolet (UV) or infrared (IR) laser light is sent to the trap to photodissociate the ions.
By scanning the laser frequency while monitoring the fragment ions, one obtains the IR photodissociation (IRPD) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] or UV photodissociation (UVPD) [18] [19] [20] [21] [22] spectrum of the mass-selected ions. In these measurements, we often encounter the problem of the presence of multiple conformers or isomers. Up to now, several spectroscopic methods have been developed to discriminate these species and obtain a conformer or isomer specific spectrum. Rizzo and coworkers applied IR-UV double resonance (DR) scheme to obtain the conformer specific IR spectra of protonated polypeptides [10] [11] [12] [13] [14] and alkali metal cations [M + ]:crown ether complexes. [15] [16] [17] In their setup, UV and IR lasers are collinearly overlapped with the ions in a cold 22-pole trap and the depopulation caused by the IR pump laser is monitored as the depletion in the UVPD signal. Johnson and coworkers reported IR-IR DR spectroscopy for D2-tagged protonated polypeptides. 7 In their method, the D2-tagged parent ions extracted from the cold QIT are first dissociated by the pump IR laser light. An additional TOF mass-selection stage with mass gate is used to monitor the population hole induced by the pump laser in the ion packet. In this case, a depletion of the parent ions is monitored as a dip in the IRPD ion signals monitored by a probe IR laser.
UV-UV hole-burning (HB) spectroscopy is used to discriminate conformers having different electronic transition frequencies. ]:benzo-18-crown-6. 22, 23 In their study, they observed an ejection of fragment ions, which were called escaping ions, immediately after irradiation of the ions in the cold QIT with a UV laser . The escaping ions were used as a probe of a specific parent ion. Under these conditions, an irradiation of a UV pump laser to the QIT prior to the probe laser induced a reduction of the ion signal monitored by the probe UV laser. Thus, the UV-UV HB spectrum is obtained by scanning the probe laser frequency while monitoring the escaping ions. Choi et al. further investigated the mechanism leading to escaping ions, and found that the radio-frequency (rf)-field inside the trap is a critical Page 4
factor for the ejection of the fragment ions and the ion ejection occurs only when its mass to charge ratio is smaller than some lower mass limit. 24 In the present study, we report a new scheme for UV-UV HB spectroscopy applicable to the cold gas phase ions. The key point in this spectroscopy is the detection of neutral fragments produced by UVPD instead of detecting ionic fragments escaping from the trap. [22] [23] [24] As a consequence, there is no constraint on the rf field nor on the mass of the fragments. ion at higher energy). Thus, it is confirmed that the extracted ions are still internally very cold. Finally, the UVPD spectrum with the total fragment ion detection shows almost the same intensity pattern with that of the neutral fragment detection. This part is discussed in the supporting information.
Thus, we confirmed that the neutral fragment detected UVPD spectrum in the TOF tube is identical to that of the ion fragment detected UVPD in QIT. We then apply this method to measure UV-UV HB spectrum of gas phase cold ions by using the two lasers.
We introduce the pump laser L1 into the cold QIT and the probe laser L2 to the interaction zone of the TOF tube. In this experiment, we choose protonated uracil to demonstrate an ability of the present UV-UV HB spectroscopy in discriminating different isomers or conformers. As described above, protonated uracil has two possible stable tautomers, the enol-enol form and the enol-keto form. Figure 3(a) shows the UVPD spectrum of protonated uracil, which was obtained by measuring the ionic fragment with m/z =70 (loss of HNCO) generated by the photodissociation of protonated uracil trapped in cold QIT. 27 Page 7
As seen in Fig. 3(a) , protonated uracil exhibits two band systems, one starting at 31760 cm -1 (3.90 eV) and the other starting at 39000 cm -1 (4.83 eV). The lower energy band system shows sharp vibronic bands whereas the higher energy one shows rather broad vibronic bands. The two band systems can be assigned either to two different electronic transitions of the same species or to the electronic transitions of two different isomers. To solve the problem, we measure the UV-UV HB spectra by fixing the probe laser L2 to one band of the lower energy system (band A) and to the first broad band of the higher energy system (band B), as shown in Figure 3 (c). When L2 is fixed to band A (red spectra), dips are observed in the lower energy band system but no dip appears in the higher energy band system. On the other hand, when L2 is fixed to band B (blue spectra), dips are observed only in the higher energy band system, but no dip in the lower energy band system. Thus, it is concluded that the two electronic transitions correspond to two different species, and possible candidates are two tautomeric structures. Protonated uracil can form either an enol-keto form or an enol-enol form. It has been reported that the enol-enol form is 0.08 eV more stable than enol-keto in S0 by ab initio calculation at MP2 (Møller-Plesset second order perturbation theory) level. 27 In addition, excited state ab initio calculations at the RI-ADC(2) level with a correlation-consistent polarized valence double-zeta (cc-pVDZ) basis set predict the S1S0 transition energy of the enol-keto form at 3.85 eV (optimized in Cs symmetry)
and that of the enol-enol form at 5.00 eV (optimized in Cs symmetry). Thus, the lower al. 25 and the present study revealed that they exhibit electronic transitions at different regions.
In conclusion, we presented a new scheme of UV-UV HB spectroscopy for cold gas phase ions trapped in QIT. Here, the population hole of the ions generated by the pump laser in QIT is monitored with the probe laser as a depletion of the ions extracted to the TOF tube. Detecting neutral fragments instead of ions with the probe laser makes this spectroscopy unique and simple to apply, without constraints regarding the mass of the photofragments. This technique has allowed the discrimination between the enol-keto and enol-enol tautomers of protonated uracil, RNA base.
EXPERIMENTAL METHODS
The experimental setup has been described in previous papers 18, 19 The setup is composed of 3 parts: an electrospray ion source (ESI), cold quadrupole-ion-trap (QIT) and a time-of-flight mass spectrometer (TOF-Mass). 29, 30 The protonated ions are produced in the ESI source. 31 
